OBJECTIVES: Coarctation of the aorta is known to present with hypertension in older patients; we reviewed our experience and assessed the outcome of hypertension following surgical correction.
INTRODUCTION
Coarctation of the aorta (CoA) occurs in 1 of every 2500 live births and accounts for 5-8% of cases of congenital heart disease [1, 2] . CoA is the fifth most common cardiovascular anomaly requiring surgical intervention in infants and children [2] . Without correction, the mean life span is around 35 years, and 90% of the patients die before the age of 50 of vascular complications [2] [3] [4] [5] [6] [7] .
Even when diagnosis of and treatment for CoA occur at an early age, presentation during adolescence or adulthood is not uncommon [8] . In our institution, we perform a majority of our surgeries for CoA in neonates and infants; however, we do see a generous number of patients that present at an older age.
The presentation of hypertension followed by detection of CoA is well recognized [3] . Surgical correction is known to provide better control of hypertension, although some of our patients continue to be hypertensive and do require medications postintervention [3, 9] . Why the hypertension persists is poorly understood, although various hypotheses do exist [9] [10] [11] .
We sought to review our surgical experience following the correction of CoA in adolescents and adults and the consequences for hypertension and to determine factors that may influence its persistence.
MATERIALS AND METHODS
From April 2004 through September 2017, we performed surgery for CoA in 101 patients, 44 (43.6%) were above the age of 12 years. Because we chose to review our outcome following primary repair, one 14-year-old boy who had undergone surgery for recurrence of CoA 6 years after primary surgery of an end-toend anastomosis was excluded from the study. The mean age of the patients at surgery was 20.3 ± 9.7 years (maximum 56 years) and 28 (65.1%) were men (Table 1) . Preoperative variables along with associated anomalies are listed in Table 1 .
These patients were reviewed after we received approval from the institutional review board, and the need for individual consent was waived. The preoperative characteristics along with the early and intermediate outcomes following surgical repair were assessed retrospectively. Patients were followed up at our clinic at 2 weeks, 3 months and then yearly following surgical repair. All the patients underwent clinical evaluation of the blood pressures of their upper and lower limbs at each visit. Transthoracic echocardiograms were done at 3 months and then yearly. Computerized tomographic angiography was done at 6 months and then every 2-3 years or at onset of symptoms (Fig. 1) .
Our institutional recommendations for the definition of CoA and surgical repair were (i) reduction in the luminal diameter of the aorta by greater than 50% with the size of the aorta at the level of the diaphragm being the index size; (ii) definite anatomical obstruction with an echocardiographic peak pressure gradient across the aorta of more than 30 mmHg or (iii) anatomical obstruction with the presence of hypertension.
Recoarctation was defined as the persistence of hypertension with a resting arm-leg gradient greater than 20 mmHg on blood pressure measurement or an echocardiographically measured gradient across the aorta of more than 30 following surgical repair. We defined a short segment CoA as a discrete CoA with localized constriction, which may include a shelf-like structure with an eccentric opening, a membranous curtain with a central or an eccentric opening or a CoA with isthmus hypoplasia. A long segment CoA was defined as tubular hypoplasia involving the isthmus and beyond inferiorly with a length of more than 45 mm. It included a CoA segment that may be long and fusiform with an irregular lumen, which may be seen to be of an inflammatory or autoimmune aetiology. Hypertension was defined as a systolic blood pressure greater than 140 mmHg and a diastolic pressure greater than 90 mmHg for patients above the age of 18 years and a systolic blood pressure greater than 130 mmHg and 85 mmHg for patients aged 12-18 years. The end point of the study was the presence of hypertension at the last follow-up visit, which included patients who had persistent hypertension following surgical correction of CoA and patients with new onset hypertension.
Statistical analysis
The descriptive statistics for categorical variables are reported as frequencies and percentages, continuous variables as the mean with standard deviation or median and ranges, as appropriate. Continuous variables were compared using the 2-sample t-test. The categorical variables were compared using the v 2 test and Cramer's V test to compare the strength of the association. The binary logistic regression test was used to find the univariable predictors and multivariable predictors using logistic models to identify the presence of hypertension at the last follow-up visit.
All analyses were performed using SPSS version 23 (IBM, Armonk, NY, USA). All statistical tests were 2-sided, with the P-value level set at 0.05 for statistical significance.
RESULTS

Surgery
Surgery was performed predominantly by resection of the CoA and placement of a Dacron interpositional tube graft (Hemashield, Vascutek, Terumo, Edinburgh, UK) in 31 (72.1%) patients. A 20-mm tube graft was used in 22 (71%) patients; a 22-mm graft was used in 6 (19.4%) patients; an 18-mm graft was used in 1 patient; in 2 patients, a 16-mm graft was used based on the surgeon's discretion. Six (14%) patients underwent resection or extended resection with an end-to-end anastomosis ( Table 2 Our strategy for an extraanatomic bypass includes a distal ascending aorta or proximal aortic arch cannulation and a dual-stage single venous or bicaval cannulation as required. We elevate the heart, incise the posterior pericardium and expose the DA. A Dacron tube graft is used to anastomose the DA end to side with a partial side-biting clamp. The graft is anastomosed to the distal ascending aorta at the offset or distal perfusion is done through the graft through a bifurcation in the aortic perfusion line. The latter method is done when the whole ascending aorta requires replacement, following which the extra-anatomic graft is attached to the neoascending aorta. We generally perform our operations at 32 C, and cardioplegic arrest is done through antegrade or retrograde cardioplegic arrest or a combination of both. We did not use partial left heart bypass in our patients and did not have any patients with a right-sided aortic arch in our series.
Staged procedures were done in 4 patients, with 3 patients undergoing the procedure on the same day: a 14-year-old boy underwent CoA repair with a polytetrafluoroethylene patch (Gore-Tex soft tissue patch, Flagstone, AZ, USA) followed by repair of the subaortic membrane and a small ventricular septal defect; a 15-year-old boy had an interposition Dacron tube graft following resection of the CoA followed by repair of the subaortic membrane and the ventricular septal defect; and a 13-year-old boy with CoA with rheumatic severe mitral valve regurgitation and moderate stenosis underwent CoA repair with extended resection and end-to-end anastomosis followed by mitral valve replacement through a sternotomy. In addition, a 26-year-old man underwent CoA repair with resection and the interposition of a tube graft, followed by sternotomy and a modified Bentall procedure for severe aortic valvar regurgitation, a root, and an ascending aortic aneurysm after 2 weeks. We used partial cardiopulmonary bypass (CPB) in 8 patients while preforming surgery for repair of CoA. CPB was established through cannulation of the left groin vessels. The mean CPB time was 119 + 26.6 min.
Early and late outcomes
One death occurred: a 56-year-old woman with CoA with a bicuspid aortic valve with moderate aortic stenosis that developed refractory ventricular fibrillation on completion of the anastomosis following CoA resection and interposition placement of a Dacron tube graft. The patient had not undergone a coronary angiogram (Table 3) . Two (4.7%) patients developed chylothorax; both were treated conservatively with an infusion of octreotide and diet modification ( Table 3) . None of our patients developed early or delayed paraplegia. Thirty (69.8%) patients were discharged with antihypertensive medication. During a follow-up period of 2.8 ± 2.2 years, the number of patients requiring antihypertensive medications decreased to 17/36 (47.2%) (P = 0.042). The number of medications required to control hypertension had decreased in all of our patients; however, 3 patients developed new onset hypertension (Table 4) . Univariable analysis for risk factors for the presence of hypertension at follow-up revealed only the use of an interpositional tube graft for surgical repair (hazard ratio 13.855, P = 0.001). This factor was not found to be an independent predictor for the persistence of hypertension (Table 5) . Among patients in whom the hypertension did not resolve, we did not find that age (P = 0.329) or a post-repair residual gradient was a predictor for persistence of hypertension (P = 0.942).
None of the patients have required reintervention. However, a 14-year-old boy who had resection of CoA and a DA aneurysm with an interposition graft has a distal anastomotic site gradient of 43 mmHg on transthoracic echocardiogram and is scheduled for an intervention.
DISCUSSION
We sought to evaluate the outcomes we obtained with conventional surgical treatment in the present era of increasing endovascular intervention, especially in adolescents and adults [7, 8, [12] [13] [14] . Before percutaneous intervention replaces conventional surgery, there are concerns that still need to be addressed, namely procedure-induced aortic wall injury and aortic wall complications, requirement for reintervention and the long-term results. Further, an endovascular graft cannot be used when the anatomy is not favourable. Thus, it becomes crucial to recognize the results of conventional surgical outcomes, which can be used as a benchmark against which to compare the results obtained with the novel techniques.
CoA, when detected early, requires correction during the neonatal period or infancy to ensure that hypertension does not prevail [3] . Late or adult presentations are rare and are usually diagnosed as a result of an investigation for uncontrolled hypertension in adolescents or adults [3] . In the developing world, unfortunately, due to the lack of early detection or reporting, treatment for CoA in adults and adolescents is not uncommon.
Without correction, the mean life span of patients with CoA is estimated to be around 35 years, and 90% die before the age of 50 years primarily due to vascular complications and the consequences of hypertension [2, 5, 6] . Unrepaired in adults, death occurs due to myocardial infarction, heart failure, aortic rupture, infective endocarditis or intracranial haemorrhage [3, 6, 7, 9] . Surgery is recommended for CoA be done in infancy or early childhood [3, 6, 7] ; however, we propose that patients who are diagnosed at later ages should also be offered intervention to ensure better control of hypertension, prevention of complications and possibly better survival.
Fate of hypertension
Although it is well-documented that surgery causes a regression in hypertension and in the need for antihypertensive medication [3, 6, 15, 16] , hypertension is known to persist after intervention in one-third of patients irrespective of the absence of recoarctation [10] ; an additional one-third of normotensive patients have an increase in blood pressure on an ambulatory blood pressure check [10] . The exact aetiology of the persistence of hypertension is unknown, but it is believed to occur because of arterial stiffness due to early hypertension, baroreceptor reflex sensitivity and sympathetic hyperactivity [9, 10] . Some authors have defined CoA as a more extensive developmental abnormality of the proximal systemic arterial system also involving the left ventricle and its thickness, which does not regress with repair and thus hypertension may persists [11] . We found a decrease in the prevalence of hypertension following surgical correction (69.8% vs 47.2%; P = 0.042). Further, among the patients who remained hypertensive, fewer medications were required compared to those administered presurgery and immediately after the procedure (Table 4) . Canniffe et al. [17] , in a review of patients with hypertension after repair of aortic CoA, found the prevalence of hypertension to be about 35% (range 19.9-46%). Similar to our findings, Bauer et al. and Wells et al. [3, 5, 18] advocated surgical repair even at an older age, because such treatment would decrease the left ventricular afterload and increase the possibility of the correction of hypertension or the more effective medical treatment of hypertension after CoA repair. Ambulatory blood pressure measurements and stress hypertension are known to show abnormal responses in normotensive patients after repair [9] . We started to test for ambulatory hypertension in normotensive patients, but the numbers were few and are not reported in this study. Interestingly, 3 of our patients who were not hypertensive before the procedure developed newonset hypertension after surgical correction, thus further illustrating that more research into such occurrences and the prevalence of hypertension is necessary.
The persistence of hypertension following CoA repair is known to be due to recurrence of CoA or to be idiopathic [2] and occurs in 12-50% of patients, with a progressive increase in the number of patients with time after surgical repair [5, 9] . We did not find the post-procedure gradient at the anastomosis site to be an indicator of the persistence of hypertension (P = 0.942); neither was age (P = 0.329) or age above 18 years (P = 0.071), although the latter was close to significance. However, other researchers have found that surgery done on adults can be an independent predictor for persistence of hypertension [9] . We hypothesize that the presence of an interpositional graft as a predictor for the presence of hypertension in our study, could be related to the tubular nature of the graft and the absence of pliability in the prosthesis, unlike the elasticity of the native aorta.
Repair technique and associated anomalies
Surgical repair of CoA at an older age is more challenging due to the thickness of the aortic wall, the presence of calcification and, occasionally, the aneurysmal dilatation of DA, difficulties with arch mobilization and the presence of large, fragile collateral vessels [6] . Thus, some have advocated the extra-anatomical bypass of the ascending aorta to the DA through a sternotomy to avoid manipulation of the diseased DA [6] . We, however, avoid the extra-anatomic bypass because there is limited information in the literature of the effects in a growing adolescent. Also, such patients have associated anomalies such as a bicuspid aortic valve, mitral valve disease or coronary artery disease, left ventricular outflow tract obstruction and major aortic wall complications [7, 15, 19] that would warrant a complex midline surgical approach for such conditions at a later age. It is also well recognized that CoA may be associated with multilevel aortic disease involving the aortic valve, root, ascending aorta, distal arch and DA. In our institution, we continue to follow well-established guidelines with regards to indications for dealing with this type of aneurysmal disease [20] . When such cases present, as in 2 of our patients, we performed an ascending to descending aortic posterior pericardial bypass through a sternotomy to correct the CoA disease while correcting the valve disease and the aneurysms of the root and ascending aorta using a modified Bentall procedure using a composite mechanical valve, root and ascending aorta graft (>Supplementary Material, Fig. S1B) . A long segment coarctation or associated anomalies in the proximal or distal DA may exist as well. To overcome difficulties with corrections in such patients, we have used a partial CPB through groin vessel cannulation as required for CoA repair through a thoracotomy approach. This procedure is not associated with a significantly increased mortality risk even when used in the younger age group [21, 22] . We used the support of partial CPB in 8 (18.6%) of our patients through the groin vessels. Our indications for the use of CPB were (i) when associated with descending aortic aneurysms requiring long segment resection, (ii) hypoplasia of the arch requiring extended repair or (iii) if the large intercoastal collateral arteries lay close to the CoA and would require sacrifice during repair. The latter condition was reviewed with a radiologist prior to the procedure to estimate the collateral burden or intraoperatively when multiple collaterals needed to be sacrificed. Some have recommended more scientific clamp and distal artery pressure measurements and if there is a significant drop in pressure, then such patients should be repaired under CPB [7] . We routinely measure the blood pressure in both the upper and lower limbs with arterial pressure measurement lines but have not had to subject individuals to CPB following clamping due to significant fall in blood pressure. This we believe is due to the development of a large number of collaterals over time, which allows distal perfusion even when the aorta is clamped during surgery and thus protects the spinal and renal blood supplies. Thus, we believe that the gradient across the CoA segment may not always depict the severity of the anatomical defect. We did not evaluate whether a greater CoA gradient would depict a larger collateral blood supply, although we recognize that, due to the collateral supply, we did not have any patients with postprocedural renal dysfunction or spinal complications, even when CPB was not used.
We had 1 death: a 56-year-old woman with CoA who was not investigated for coronary disease. Following this experience, we changed our practice to include assessing for coronary artery disease in patients above 45 years as recommended for coronary evaluation for non-cardiac procedures [23] . Further, we propose that surgical correction of stenotic aortic valve disease should be considered even if the patient has moderate disease, along with an ascending to DA posterior pericardial bypass through a sternotomy in a single setting for such patients with CoA.
Recoarctation and reintervention
It has been reported that up to 10% of patients require reintervention for re-CoA [2] , with the age of repair considered to be an important independent predictor for re-CoA at follow-up with younger age more predisposed to reintervention [21, 24] . One of our patients, who has a residual gradient of 43 mmHg at the distal anastomotic site on an echocardiogram of the interpositional graft, is scheduled for catheterization and potential endovascular repair.
Long-term follow-up of adult patients post-CoA repair has shown progressive aortic and mitral valve disease and premature atherosclerotic coronary artery disease [7, 11, 25, 26] . The occurrence of an aneurysm has been noted at the site of the CoA repair, apart from the possibility of an ascending aortic and a descending aortic aneurysm and the rupture of an aneurysm at the circle of Willis [25] . This finding highlights the importance of life-long surveillance in these patients, with some even advocating exercise testing to identify induced hypertension in normotensive patients [2, 6] .
Endovascular correction of CoA is well-documented in the literature and continues to have a growing influence in primary intervention and even for re-CoA correction [7, 8, 12] . Due to its easier applicability and the reduced incidence of complications, stent therapy remains a viable option. The Coarctation of the Aorta Stent Trial has shown promising results. However, recurrence and reintervention remain high, and the impact of CoA on long-term cardiovascular consequences remains uncertain [14] . Further, the unfavourable anatomy and associated anomalies may be contraindications to endovascular therapy. Further, there are still limitations in young children because the devices require large sheaths and risk vascular damage, only a small-diameter aortic landing zone is available, a hyperangulated arch provides challenges and the stent can splint the treated segment, resulting in re-CoA. Caution is recommended when performing the endovascular procedure in older patients because of the advancement of degenerative disease and weakness of the vessel wall or calcification [27, 28] . With the advent of improving technology, a wider range of devices and the availability of bioabsorbable devices, endovascular therapy will continue to grow in its applicability for a wider age range. We are still in the process of establishing an endovascular therapy programme; therefore, the option is not available at our institution at the present time.
Limitations
The limitations of the study are similar to those of any retrospective study. We lost 6 patients to intermediate-term follow-up. We considered patients to be lost to follow-up if they did not report for follow-up after more than 1 year. Although we did have a significant decrease in the number of patients requiring antihypertensive medication, we did not look for ambulatory hypertension or exercise-induced hypertension in normotensive patients.
CONCLUSION
CoA in adolescents and adults is uncommon in the developed world but still occurs with some frequency in the developing world. Surgery for CoA can be done with a low risk and reduced need for reintervention. It is easier to correct and control hypertension after the surgical repair. However, a significant number of patients still require antihypertensive medication and regular monitoring. Patients whose intervention is performed with an interposition tube graft may continue to be hypertensive.
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